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Parahydrogen-based nuclear spin hyperpolarization allows
various magnetic-resonance applications, and it is particularly
attractive because of its technical simplicity, low cost, and
ability to quickly (in seconds) produce large volumes of hyper-
polarized material. Although many parahydrogen-based techni-
ques have emerged, some of them remain unexplored due to
the lack of careful optimization studies. In this work, we
investigate and optimize a novel parahydrogen-induced polar-
ization (PHIP) technique that relies on proton exchange referred
to below as PHIP-relay. An INEPT (insensitive nuclei enhanced
by polarization transfer) sequence is employed to transfer
polarization from hyperpolarized protons to heteronuclei (15N

and 13C) and nuclear signals are detected using benchtop NMR
spectrometers (1 T and 1.4 T, respectively). We demonstrate the
applicability of the PHIP-relay technique for hyperpolarization
of a wide range of biochemicals by examining such key
metabolites as urea, ammonium, glucose, amino acid glycine,
and a drug precursor benzamide. By optimizing chemical and
NMR parameters of the PHIP-relay, we achieve a 17,100-fold
enhancement of 15N signal of [13C, 15N2]-urea compared to the
thermal signal measured at 1 T. We also show that repeated
measurements with shorter exposure to parahydrogen provide
a higher effective signal-to-noise ratio compared to longer
parahydrogen bubbling.

Introduction

Magnetic resonance (MR) is an extremely rich physical phenom-
enon as it is widely used in many areas of modern science and
technology including chemical analysis and medical
diagnostics.[1–3] However, the widespread applicability of the
technique is hindered by the inherently poor sensitivity of NMR,
originating from very low spin polarization despite the use of
often expensive and bulky superconducting magnets.[4–7] This
problem has led to the development of various hyperpolariza-
tion approaches that produce non-equilibrium nuclear polar-
ization by sample manipulation.[8] As a result, many unexplored
applications of MR are becoming possible. For example, it has
been shown that the use of 15N-labelled probes for molecular
imaging enables higher spatial resolutions. This is due to the

absence of quadrupolar 14N nuclei, which accelerate T2
relaxation of neighboring 13C nuclei at high fields.[9–11] Molecular
imaging of hyperpolarized metabolites to explore the complex
microenvironment of abnormal tissues would provide crucial
information for the early diagnosis, treatment and prognosis of
a disease.[12–16] Furthermore, hyperpolarization of highly biocom-
patible endogenous imaging probes, such as urea, holds great
promise for MR angiography and perfusion imaging.[17–21]

Besides urea, there are other N-containing small biomole-
cules which could be of interest in the molecular imaging field,
such as glycine, an amino acid and precursor of many important
proteins (e.g., glutathione, creatine, hemoprotein, etc.). In
addition to the key role of glycine in many metabolic pathways
as a neurotransmitter, cryoprotector, and immuno-modulator, a
significant impact of its metabolism on cancer cell proliferation
has been reported.[22,23] Another example is ammonium, a
metabolite produced by catabolism of compounds containing
nitrogen, such as amino acids.[24] An increase in ammonium
levels in the human body is mainly the result of disorders in the
liver, kidneys, or stomach, and its real-time in vivo detection has
been an attractive topic for clinical care.[25] Apart from medicine,
ammonia has also been investigated as a carbon-free energy
carrier and storage material.[26] As a final example, benzamide
can be given, a precursor of many drugs in clinical use.[27]

Thus far, the leading technique used in clinical studies for
the production of hyperpolarized molecules has been dissolu-
tion dynamic nuclear polarization (dDNP).[28,29] Parahydrogen-
(pH2)-based methods could be advantageous over dDNP for
certain applications due to their low cost, technical simplicity,
and ability to rapidly and continuously produce large volumes
of hyperpolarized material.[4,30,31] Additionally, integration of
such techniques with portable benchtop NMR spectrometers
promises the democratization of NMR equipment and improve-
ment of its sensitivity. One of the drawbacks of hydrogenative
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parahydrogen-induced polarization (PHIP) is the need for a
dedicated compound (precursor) that is chemically modified
during the reaction to produce a hyperpolarized target
molecule.[32–34] Recently, this problem has been addressed
through the development of SABRE-relay (SABRE= signal
amplification by reversible exchange) and PHIP-relay (also
introduced in the literature as PHIP-X), both employing proton
exchange to transmit hyperpolarization from a transfer agent to
a second – and potentially subsequent – molecular target.[35,36]

These approaches have extended the applicability of PHIP
(ALTADENA) toward hyperpolarization of a wide range of
biomolecules possessing exchangeable protons such that a
target molecule is not chemically altered during the brutto
chemical process. In the original work,[36] PHIP-relay was used to
hyperpolarize biomolecules with � OH groups such as pyruvic
and lactic acids, D-[13C6]-glucose, achieving maximum 1H polar-
ization level of 0.07% on the target molecule, while polarization
level of 13% was reported in a transfer molecule. This shows
that even though PHIP-relay is an attractive hyperpolarization
method, optimization studies are generally required for an
efficient transfer of polarization to the molecule of interest.

Here, we implement the PHIP-relay technique on (bio)-
molecules with a substantial improvement of its efficiency. This
study is carried out using benchtop NMR spectrometers (1 T
and 1.4 T) combined with a robotic arm setup for pH2 delivery
and magnetic field control, which allowed automated optimiza-
tion of experimental parameters. Allyl alcohol (produced from
propargyl alcohol) is used as a hyperpolarized carrier molecule
for a subsequent polarization transfer via the proton-exchange
mechanism at low magnetic fields.[36,37] In allyl alcohol mole-
cules, all protons interact strongly and magnetization can be
distributed throughout all coupled 1H spins in the absence of
heteronuclei.[32,35,36,38] To maximize the efficiency of polarization
transfer, key parameters such as catalyst concentration, pH2

bubbling time, polarization transfer field, and transfer time have
been studied. A well-known NMR pulse sequence INEPT
(insensitive nuclei enhanced by polarization transfer) was used
to enhance the 15N NMR signal of hyperpolarized target
molecules: [15N2]-urea, [13C, 15N2]-urea, [15N]-glycine, [15N]-
ammonium nitrate, and [15N]-benzamide. In addition, D-[1-13C]-
glucose was hyperpolarized via PHIP-relay and detected using
1H-13C INEPT NMR spectroscopy at 1.4 T.

Results and Discussion

PHIP-relay can be described as a two-stage process (we
emphasize that nomenclature PHIP-relay is used in this work to
highlight that chemical relay is a crucial stage of the process in
analogy with SABRE-relay; the first demonstration, however,
was dubbed PHIP-X which creates potential confusion with X-
SABRE[39]). Initially, a transfer molecule, e.g., allyl alcohol, is
hyperpolarized by adding pH2 to an unsaturated carbon-carbon
bond of propargyl alcohol. Then, polarization is transferred
from the hyperpolarized transfer molecule (e.g., hyperpolarized
allyl alcohol) to a target molecule via the proton-exchange
(Figure 1A). The first step, which is the well-known PHIP-

ALTADENA experiment[40] (adiabatic longitudinal transport after
dissociation engenders net alignment) in which hydrogenation
at low field followed by adiabatic passage to high field for
detection, has a significant effect on the target-compound
hyperpolarization. Thus, the efficiency of the propargyl alcohol
hydrogenation reaction with pH2 to hyperpolarize allyl alcohol
and then propanol was studied for various amounts of Rh(I)-
catalyst (5, 10, 15 mM) and different pH2 bubbling times.

As shown in the Supporting Information, the highest
amount of the catalyst induced the fastest consumption of
propargyl and allyl alcohol (Figure S1B). In the experiments with
5 mM catalyst, propanol production was observed after 40 s of
hydrogen bubbling, while for a catalyst concentration of
10 mM, propanol appeared in the solution after 20–30 s of
bubbling with hydrogen. As the gradual production of allyl
alcohol allows acquiring many NMR transients, thus, prolonging
a measurement time per sample, 5 mM catalyst was used in
further experiments. Furthermore, allyl alcohol had the highest
polarization after 20–30 s bubbling, and propanol became a
primary source of polarization after 50–60 s of exposure to pH2.
However, during the first 60 s of bubbling, the polarization level
of propanol was never as high as the maximum polarization of
allyl alcohol. Therefore, even though propanol could also be
considered as a transfer agent for the PHIP-relay technique, allyl
alcohol seems to be more suitable for high-polarization transfer
to a target molecule.

As the next step, the polarization transfer to a target
molecule was investigated. Due to the complexity of the 1H
NMR spectrum, with many peaks originating from the transfer

Figure 1. (A) Schematic representation of the PHIP-relay process; (B) Basic
and refocused INEPT pulse sequences. Transfer and refocusing spin-echo
time intervals are denoted as τt/2 and τr/2, respectively. (C) Basic and
refocused (with 1H decoupling) single scan 1H-15N INEPT NMR spectra of
0.1 M [15N2]-urea (top) and 0.1 M [13C, 15N2]-urea (bottom) hyperpolarized via
PHIP-relay. Green trace shows INEPT spectrum of a thermally polarized 15N-
ammonium (6 M) for comparison.
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and target compounds, the 1H-15N and 1H-13C INEPT techniques
were used to facilitate spectral analysis. INEPT is a specific pulse
sequence used in NMR to enhance signal resolution by trans-
ferring polarization from coupled protons (here hyperpolarized
protons via PHIP-relay) to a heteronucleus.[41] While the basic
INEPT sequence generates anti-phase magnetization, additional
spin echo sandwich (Figure 1B) in the refocused INEPT
sequence produces in-phase magnetization.[42] Decoupling was
applied following the refocused INEPT sequence to obtain in-
phase heteronuclear NMR signals. Optimal spin-echo delays for
the INEPT pulse sequence for each molecule were calculated
based on numerical simulations (see Supporting Information for
details).

Figure 1C shows the single-transient basic and refocused
1H-15N INEPT spectra of [13C, 15N2]-urea and [15N2]-urea hyper-
polarized via PHIP-relay. NMR samples (0.5 M propargyl alcohol,
5 mM Rh(I)-catalyst, 100 mM urea in DMSO and acetone
mixture) were bubbled with pH2 at the Earth’s magnetic field
for 20 s before acquiring the 15N NMR spectra. As expected, in
the spectra of [15N2]-urea subjected to the refocused INEPT
(with proton decoupling), a single line appears at �75 ppm,
while in the basic INEPT spectrum (without proton decoupling),
the line is split by JNH-coupling. The existence of an additional
13C-15N J-coupling interaction in [13C, 15N2]-urea results in further
splitting of the peaks into doublets, which carries half of the
signal intensity. Narrower lines in the refocused INEPT spectra
compared to those of the basic INEPT spectra result from
decoupling which eliminates the effect of proton exchange on
line broadening.

After hyperpolarizing urea via PHIP-relay, optimization of
the bubbling field (0.05–80 mT) and bubbling time (5–120 s)
was performed. To study the influence of the pH2 bubbling time
on signal enhancement, four identical NMR samples (0.5 M
propargyl alcohol, 5 mM Rh(I)-catalyst, 100 mM [13C, 15N2]-urea
dissolved in DMSO and acetone mixture) were prepared. For
each bubbling time interval (5, 20, 40, and 60 s), one of the
samples was bubbled with pH2 in the Earth’s field and then the
NMR tube was transferred into the spectrometer via robotic
arm to obtain the 1H-15N refocused INEPT NMR spectrum of
hyperpolarized [13C, 15N2]-urea. This process was repeated for
each sample 24, 6, 3, and 2 times for the corresponding
bubbling time (total bubbling time is the same for all samples).
Owing to the high concentration of the primary substrate (i. e.
here propargyl alcohol, the production of hyperpolarized trans-
fer agents continues for many transients, allowing repolariza-
tion of the target molecule. This approach enabled us to
acquire many NMR signals originating from the repolarized
target molecule, as shown in Figure 2A. The highest signal
enhancement in a single scan is observed after 60 s of bubbling,
when allyl alcohol and propanol had almost the same polar-
ization level (Figure S1C). This may lead to the conclusion that
the effect of propanol as a transfer agent is not insignificant.
Although the long bubbling time appears to be more efficient
per scan, the accumulated spectra from repeated measure-
ments show that PHIP-relay with short bubbling time can
provide an overall higher signal-to-noise ratio per pH2 bubbling
duration (Figure 2B).

In order to investigate the influence of the pH2 bubbling
field on the signal enhancement, ten different magnetic fields
were selected between the Earth’s field and 80 mT. In each
field, the NMR samples (0.5 M propargyl alcohol, 5 mM Rh(I)-
catalyst, 100 mM [13C, 15N2]-urea in DMSO and acetone mixture)
were exposed to pH2 for 20 s. Immediately after bubbling, the
sample was transferred with a robotic arm to the benchtop
NMR spectrometer to record the refocused 1H-15N INEPT NMR
spectrum. For each sample, the measurement was repeated
three times; the resultant mean values and standard deviations
of the relative signals are presented in Figure 2C. When the
bubbling field was around 2 mT, the highest signal
enhancement was observed. Increasing the magnetic field to
80 mT resulted in a gradual decrease of signal intensity.
Numerical simulations published previously[36] showed that
increase of the magnetic field up to 80 mT during hydro-
genation should result in the significant increase of the � OH
group’s NMR signal. Our experimental results refute this
conclusion. However, polarization redistribution during the
sample transfer as well as polarization transfer from the � OH
group of the transfer molecule to the target molecule (the key
step that can also be influenced by the magnetic field strength)
can complicate theoretical analysis. Further studies are neces-
sary for explaining the disagreement between our experimental
data and simulations conducted to date.

Even though hyperpolarization of the target molecule via
PHIP-relay is more efficient when a low magnetic field is applied

Figure 2. (A) Effect of pH2 bubbling time on the 1H-15N INEPT NMR signal of
hyperpolarized [13C, 15N2]-urea. The graph corresponds to four NMR samples
of urea which were bubbled with pH2 several times (24, 6, 3, and 2) in
different time intervals (5, 20, 40, and 60 s, respectively). (B) Accumulated
1H-15N refocused INEPT NMR spectra of hyperpolarized [13C, 15N2]-urea for
each bubbling time interval. Signal-to-noise ratio values for urea peaks are
estimated as 37, 32, 62, 102 (from top to bottom, respectively). (C) The
magnetic field (0.05–80 mT) dependence of the 15N NMR signal
enhancement of [13C, 15N2]-urea. Each data point is a result of averaged three
transients after repeated 20 s of the pH2 supply, error bars represent
standard deviations. (D) Intensity of hyperpolarized [13C, 15N2]-urea signal
versus the position of NMR tube inside the bore of the spectrometer during
PHIP-relay. Each data point corresponds to a measurement following a
transfer of the sample into the detection region after 10 s of pH2 bubbling in
a given position. Magnetic field profile was measured using a gaussmeter.
The location of the tube was determined based on “0” position of the
robotic arm (see Supporting Information).
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during hydrogenation with pH2, relaxation throughout the
transfer (taking approximately 3 s) significantly lowers the signal
intensity. For this reason, we took advantage of the magnetic
field inside the bore of the 1H/15N NMR spectrometer, where the
field varied from the Earth’s field to 1 T. By changing the sample
position inside the bore of the spectrometer, we performed
hydrogenation with pH2 at varying bubbling field, thus, short-
ening transfer time. An NMR sample (0.5 M of propargyl alcohol,
5 mM of Rh(I)-catalyst, of 100 mM [13C, 15N2]-urea dissolved in
the DMSO and acetone mixture) was exposed to pH2 for 10 s in
a given location inside the bore and, subsequently, it was
moved to the detection region by the robotic arm to acquire
refocused 1H-15N INEPT NMR spectrum. This experiment was
repeated for ten different locations inside the bore (Figure 2D).
When the NMR tube was in the middle of the magnet bore
(�0.2 T) during hydrogenation with pH2, a single-scan
enhancement of �17,100 was observed for [13C, 15N2]-urea. This
corresponded to a polarization level of 1.2% per molecule. Such
a large signal was detected due to the short transfer time which
reduces relaxation losses in the course of the sample transfer.
When the sample was hydrogenated with pH2 at a magnetic
field closer to the Earth’s field or high field (1 T), the decrease in
signal intensity was observed. By taking into account the effect
of the differences in the sample transfer times for each
measurement, these observations are congruent with the
previous result concerning optimization of the applied mag-
netic field during hydrogenation with pH2.

As the next step, samples of 15 mM [15N]-glycine, 50 mM
[15N]-ammonium and 50 mM [15N]-benzamide in the DMSO and
acetone mixtures were prepared with additional 0.5 M prop-
argyl alcohol and 5 mM Rh(I)-catalyst. Each sample was
subjected to pH2 bubbling for 20 s in the Earth’s field and
transferred to the spectrometer to obtain the refocused 1H-15N
INEPT NMR spectra of hyperpolarized 15N-labelled compounds.
Spin-echo delays for INEPT experiments were calculated using
numerical simulations (see Supporting Information for details).
Peaks in the spectra of [15N]-glycine, [15N]-ammonium, and [15N]-
benzamide were observed with a few orders of magnitude
signal enhancement, namely, corresponding to 0.1%, 0.13%
and 0.02% 15N polarization levels per molecule, respectively
(Figure 3A). It is important to note that the polarization levels
could be further improved by performing experiments in the
optimum bubbling field, even more so by shortening the
transfer time as mentioned above.

Finally, hyperpolarization of D-[1-13C]-glucose is reported
showing the feasibility of using PHIP-relay methodology
combined with 1H-13C INEPT pulse sequence for 13C NMR signal
enhancement of carbohydrates. Unlike crowded 1H NMR spectra
with numerous peaks originating from the hyperpolarized
protons of transfer and target compounds, 13C NMR detection
endows clear discrimination of the chemicals. For this purpose,
pH2 gas was bubbled through a sample containing 60 mM D-
[1-13C]-glucose, 0.5 M propargyl alcohol, and 5 mM Rh(I)-catalyst
dissolved in the mixtures of DMSO and acetone at the Earth’s
field. Immediately after bubbling, the NMR tube was transferred
to the 1H-13C NMR spectrometer for acquiring the refocused
1H-13C INEPT NMR spectrum. In order to assign the peaks arising

from the naturally abundant 13C isotope in hyperpolarized allyl
alcohol and propanol, a PHIP solution consisting of the
chemicals listed above, except for D-[1-13C]-glucose, was
measured in the same way. Top spectrum in Figure 3B is the
result of an experiment with the mentioned solution without D-
[1-13 C]-glucose, while the bottom spectrum is the experiment
with a sample containing D-[1-13C]-glucose. The peak associated
with hyperpolarized D-[1-13C]-glucose arose at about 100 ppm
(estimated signal intensity corresponds to 0.024% 13C polar-
ization) while the other peaks originate from hyperpolarized
allyl alcohol and propanol.

Besides the achievement of a substantial increment (a
17,100-fold) in urea signal after optimization studies (sample
composition, pH2 exposure time, magnetic field during hydro-
genation, sample transfer time, etc.) presented above, other
important N-containing molecules were used to demonstrate
the potential of PHIP-relay for the hyperpolarization of a wide
range of chemicals. As shown above, NMR signals of these
molecules were boosted significantly, albeit to a lesser extent
than urea.

In hyperpolarized MR spectroscopic imaging (MRSI), the low
natural abundance of 13C and 15N nuclei limits the background
noise that arises from metabolites based on carbon and
nitrogen.[15,43] Although spin-1/2 nuclei with low gyromagnetic
ratio (γ) typically display longer longitudinal relaxation times,
thus, allowing relatively long measurement times, acquisition of
their spectra is a challenge due to the fact that MR signal is
proportional to γ using inductive detection.[44] To overcome this
challenge, as demonstrated in Refs. [45–47], polarization can be
stored on long-lived 13C and 15N nuclei and transferred back to
protons for sensitive 1H NMR detection, prolonging the lifetime
of hyperpolarized contrast agents.

Up to now, the proton exchange-based hyperpolarization
method SABRE-relay has been used to hyperpolarize [13C, 15N2]-
urea and [13C]-urea. This method was shown to produce two
orders of magnitude signal enhancement for urea compared to
the thermal equilibrium polarization measured at 9.4 T[35]

(compared to three orders of magnitude demonstrated in the

Figure 3. (A) Single scan refocused 1H-15N INEPT NMR spectra of hyper-
polarized [15N]-glycine, [15N]-ammonium, and [15N]-benzamide via PHIP-relay.
(B) Refocused 1H-13C INEPT NMR spectrum of hyperpolarized products: allyl
alcohol and propanol (above) and refocused single-scan 1H-13C INEPT NMR
spectrum of D-[1-13C]-glucose hyperpolarized via PHIP-relay. The peak at
�100 ppm (denoted with star) originates from D-[1-13C]-glucose.
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present study). In addition, SABRE-relay hyperpolarization of
[13C]-glucose has been shown to a lesser extent.[35] Despite the
lower levels of polarization of bio-molecules obtained via
SABRE-relay compared to the results presented here, SABRE-
relay has the advantage of allowing re-hyperpolarization and
signal accumulation without consuming transfer and target
agents, thus improving the signal-to-noise ratio.[30] On the other
hand, as reported here, by increasing the amount of a transfer-
agent precursor, PHIP-relay can be repeated without full
consumption of the target molecule.

Conclusion

In this study, we used a newly developed technique, PHIP-relay,
to hyperpolarize biologically relevant metabolites such as urea,
amino acids, ammonium, and glucose, as well as a drug
precursor benzamide. After sample composition and parame-
ters optimization, we achieved a 17,100-fold enhancement of
[13C, 15N2]-urea signal through PHIP-relay compared to the
thermal signal measured at 1 T, corresponding polarization level
of 1.2% per molecule. We also showed that the use of a higher
concentration of the transfer agent precursor enables re-hyper-
polarization of the target molecule with no change in its
structure, thus yielding the acquisition of accumulated signals
with a higher signal-to-noise ratio. Despite the fact that the
presence of non-biocompatible components (such as organic
solvent, catalyst, transfer agent, etc.) is a major challenge for
the biomedical translation of the presented technique,[36,48,49]

new efficient approaches for sample purification have been
recently demonstrated.[50,51] Taken together, the results pre-
sented here pave the way for in vivo MRSI applications of pH2-
based exchange chemistry coupled with molecule-specific
optimization and process automation.

Experimental Methods
All chemicals: propargyl alcohol (CAS# 107-19-7), acetone (CAS# 67-
64-1), [13C, 15N2]-urea (CAS# 58069-83-3), [15N2]-urea (CAS# 2067-80-
3), [15N]-glycine (CAS# 7299-33-4), [15N]-benzamide (CAS# 31656-62-
9), [15N]-ammonium nitrate (CAS# 31432-46-9), D-[1-13C]-glucose
(CAS# 40762-22-9), and [1,4-Bis-(diphenylphosphino)-butane] (1,5-
cyclo-octadiene) rhodium(I) tetrafluoroborate ([Rh(dppb) (COD)]BF4)
(CAS# 79255-71-3) were purchased from MilliporeSigma and used
without further purification. NMR measurements were performed
using benchtop NMR spectrometers: a SpinSolve Nitrogen ULTRA
(40 MHz) and a SpinSolve Carbon (60 MHz), Magritek.

To study hyperpolarization of the transfer agent, solutions of 0.5 M
propargyl alcohol and various concentrations of Rh-catalyst (5, 10,
15 mM) were prepared in acetone. For PHIP-relay experiments,
0.5 M propargyl alcohol, 5 mM Rh-catalyst, and the labeled target
compound were mixed. Due to the poor solubility of biomolecules
in acetone, 50 μL of dimethyl sulfoxide (DMSO) was used for each
NMR sample to increase the amount of dissolved molecule of
interest. In this way, 100 mM [13C, 15N2]-urea and [15N2]-urea; 60 mM
D-[1-13C]-glucose; 50 mM [15N]-ammonium nitrate and [15N]-benza-
mide; and 15 mM [15N]-glycine solutions were prepared.

For each experiment, a 650 μL sample was transferred to a
pressurizable 5 mm NMR tube. The NMR tube was then attached to
a bubbling system, described in Ref. [37], for pH2 exposition.
Parahydrogen-enriched hydrogen gas was prepared by passing
high-purity hydrogen over a hydrated iron(III) oxide catalyst at 30 K
using a pH2 generator (Advanced Research Systems, Inc.). Each NMR
sample was bubbled with pH2 gas through a thin capillary (PTFE,
OD: 0.9 mm) for a given time (detailed information is provided
below for each experiment). The flow rate of pH2 was held at
80 sccm at 6 bar using a mass flow controller (Sierra Instruments,
Inc.). Subsequent to bubbling with pH2, the NMR tube was placed
in a magnet bore of a benchtop NMR spectrometer using a robotic
arm (see Supporting Information, Figure S3). The whole experimen-
tal sequence, including the acquisition of NMR signals, was
controlled electronically using an Arduino Uno microcontroller
board. This automated experimental setup ensures consistency,
which is essential to carry out optimization studies with high
accuracy. Additionally, using a magnet with adjustable field
strength (1–100 mT), various magnetic fields during bubbling were
studied to investigate the influence of magnetic field on polar-
ization transfer efficiency through exchangeable protons.
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